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Abstract – Perovskite/crystalline-silicon (c-Si) 
tandem solar cells offer a viable roadmap for 
reaching power conversion efficiencies beyond 
30%. In this configuration though, the silicon cell 
now mainly receives an infrared rich illumination 
spectrum where the absorption coefficient of 
silicon is poor. To boost the light absorption in this 
wavelength interval, transmitted through the top 
cell, a solution is to introduce a dedicated nanoscale 
texture on the front-side of the silicon bottom cell 
and tweaking the optical elements in its design. 
These optical elements are manifold, with tunable 
geometrical dimensions, layer thicknesses and 
refractive indices. For optically optimizing 
nanostructured silicon solar cells, electromagnetic 
wave solving methods such as the rigorous 
coupled-wave analysis (RCWA), are normally 
used but they become computationally infeasible 
when several design variables are involved in an 
optimization problem. In this work, a natural 
selection algorithm known as the genetic algorithm 
is coupled with RCWA for extracting optimal 
values of various design parameters in four-
terminal perovskite/c-Si tandem devices in parallel. 
Both two-side contacted and interdigitated back-
contacted silicon heterojunction cell structures, 
featuring an inverse nanopyramid grating texture 
on the front, are optimized for five interdependent 
variables using a genetic algorithm for bottom cell 
application and benchmarked against their random 
pyramid textured analogues. Our study shows that 
an optimized inverse nanopyramid grating texture 
can outperform the standard random pyramid 
texture when considering incidence angle 
variations. More importantly, the study illustrates 
how a genetic algorithm can support modeling 
complex solar cell structures with numerous 
degrees of freedom. 
 
Index Terms – genetic algorithm, rigorous coupled-
wave analysis, optical simulation, heterojunction, 




Silicon photovoltaics (PV) technology has matured 
considerably in recent times, thereby making it cost 
competitive with other conventional and renewable 
energy source alternatives and potentially enabling 
global PV deployment at the terawatt-scale. 
However, there is still room for further reduction in 
the levelized cost of PV electricity by cutting down 
the area-dependent balance-of-system costs [1]. 
These costs can be substantially lowered if 
significantly more power per unit area can be 
harvested by increasing the cell and module-level 
power conversion efficiencies.  
 As a result of technical advances in 
crystalline silicon (c-Si) solar cell research, single-
junction device efficiencies above 26% have 
already been realized [2-4]. Since these efficiencies 
are not far from the practical limit of ~27% [3], 
novel strategies need to be explored for meeting the 
ever-increasing efficiency challenge. The low 
fundamental single-junction efficiency limit of c-Si 
solar cells is primarily attributed to thermalization 
losses, which represent excess photon energy 
above the bandgap of c-Si. One approach for 
minimizing thermalization losses is to stack a wider 
bandgap absorber on top of the c-Si cell in the so-
called tandem solar cell structure. In this way, the 
higher-energy photons are more efficiently 
absorbed in the wider bandgap material and only 
the lower-energy photons are absorbed in the c-Si 
substrate. Tandem solar cells are typically 
fabricated in two-terminal (2-T) and four-terminal 
(4-T) configurations and can theoretically attain 
efficiencies close to 46% under the standard AM 
1.5G illumination spectrum and testing conditions 
[5]. Although the 2-T configuration can reduce 
system-level costs by not requiring additional 
electronic circuitry, the design is more sensitive to 
variations in spectral composition and thus to any 
current mismatching between the sub-cells which 
then results into a lower annual energy yield [6,7]. 
Furthermore, the wide bandgap cell layers need to 
be deposited conformally on an underlying 
textured c-Si bottom cell [8]. These limitations are 
circumvented in the 4-T configuration where the 
sub-cells are only coupled optically. In absence of 
the current matching requirement, both sub-cells 
can be independently fabricated and individually 
optimized with respect to the incident illumination 
spectrum.  
  While c-Si offers a suitable bandgap for the 
bottom cell in tandem devices, organic-inorganic 
hybrid perovskites could be employed as the wider 
bandgap absorber for the top cell [9-17]. In addition 
to their low fabrication cost, perovskites exhibit a 
steep absorption edge [18] and the possibility of 
tuning the bandgap over a broad range [19-21] 
which make them appealing for top cell usage. 
Depending on the bandgap and the transmittance of 
the perovskite top cell, the bottom c-Si cell now 
only receives the infrared (IR) part of the AM 1.5G 
spectrum and hence its design must be adapted 
accordingly for yielding optimal performance.  
 From the electrical perspective, it is critical 
that the narrower bandgap bottom cell reaches high 
open-circuit voltage (VOC) under IR illumination so 
as not to limit the tandem device performance. For 
c-Si cells, the highest open-circuit voltages so far 
have been achieved by incorporating hydrogenated 
amorphous silicon (a-Si:H) thin film stacks 
[22,23]. Therefore, it is not surprising that 
perovskite/c-Si tandem devices from many 
research groups feature a silicon heterojunction 
bottom cell which can be fabricated in both two-
side contacted (SHJ) and interdigitated-back-
contacted (SHJ-IBC) cell architectures [8,17,45-
48]. From the optical viewpoint, a-Si:H stacks with 
an optical bandgap of ~1.75 eV [24] do not 
contribute to parasitic absorption losses at IR 
wavelengths. Moreover, the application of 
advanced light management concepts [25-34] in 
silicon heterojunction cells could lead to higher IR 
absorption in the c-Si substrate as opposed to the 
standard random pyramid textured cells. For 
instance, periodic wavelength-scale diffraction 
gratings can be integrated as the front-surface 
texture [35-38] in silicon heterojunction bottom 
cells for maximizing IR photon absorption by 
guided mode resonance. In contrast to many 
nanoscale textures where achieving adequate 
surface passivation is challenging [40, 41], periodic 
inverse nanopyramid (INP) gratings formed by 
nanoimprint lithography have been shown to 
preserve the electrical performance when used for 
light management in solar devices [42-44]. While 
keeping the surface-area increase modest, their 
tapered pattern shape curtails reflection losses by 
providing a graded index effect. Concurrently, the 
diffraction effect from the periodicity of the pattern 
helps in lowering escape losses by increasing the 
effective path length of the weakly absorbing IR 
photons within the absorber. However, the 
geometrical parameters of such INP gratings need 
to be tuned for targeting specific wavelength ranges 
[28, 39]. The influence of the grating design on the 
optical performance of nanostructured c-Si cells 
has extensively been investigated previously, using 
rigorous electromagnetic modeling methods [49-
55]. In the case of a 4-T perovskite/c-Si stack, 
featuring an INP patterned bottom cell, the net 
absorption in the photoactive layers of the tandem 
structure is influenced by at least five 
interdependent cell design parameters. 
Computation-wise, the use of rigorous modeling 
methods becomes expensive for screening several 
cell parameters. Therefore, evolutionary 
algorithms such as a genetic algorithm [56, 57] 
could be utilized for significantly reducing the 
number of required simulations for evaluating the 
optimal set of parameter values in parallel.  
 In this paper, we propose to couple the 
rigorous coupled-wave analysis (RCWA) method 
with a genetic algorithm (GA) for simultaneously 
optimizing several optical elements of a 4-T 
perovskite/nanostructured c-Si tandem device 
stack. We examine both SHJ and SHJ-IBC bottom 
cell architectures with INP texture, operating 
beneath a wider bandgap perovskite top cell. The 
optimization was carried out for five 
interdependent cell design parameters with the 
objective of maximizing absorption in the 
perovskite and c-Si absorber layers. More 
specifically, for a fixed top cell design, we 
optimized optical coupling in between the sub-cells 
and adapted the bottom nanostructured c-Si cell 
design for optimal performance under the 
transmitted top cell spectrum. IR absorption 
enhancement in bottom c-Si cells by employing 
optimal INP texture was benchmarked against 
random pyramid (RP) textured reference devices 
for certain angles of incidence. Hence, we provide 
guidelines for adapting the bottom c-Si cell design 
and demonstrate a feasible approach for optimizing 
perovskite/c-Si tandem device structures with 
numerous degrees of freedom. 
 
II. SIMULATED TANDEM DEVICE 
STRUCTURES 
 
The perovskite top cell stack, given in Figure 1(a), 
has a planar structure and contains a semi-
transparent cesium-formamidinium-based mixed 
halide (CsFAPbIBr) photoactive layer [15] with 
thickness of 250 nm and an optical bandgap of 1.68 
eV. The chosen perovskite is known to be more 
stable than methylammonium-based compounds 
(MAPbI3-xBrx). Single-junction perovskite cell 
stacks are usually prepared by spin-coating 
materials on glass substrates. Here, the top cell has 
an n-i-p configuration in which SnO2 and Spiro-
OMeTAD make up the electron and hole transport 
layers respectively. Contacts are formed by 
sputtered indium-doped tin oxide (ITO) on both 
sides. Typically, front-side reflection due to the 
planar structure and parasitic absorption in the 
contacting and carrier transport layers constitute 
optical losses in perovskite devices. Consequently, 
ultrathin non-active layers are desired for reducing 
parasitic absorption losses. However, the layers 
must be realistically thick for acceptable electrical 
performance in a working device. Therefore, at this 
stage where the electrical properties were not 
integrated into the model, the perovskite cell 
structure itself was not altered during GA-based 
optimization since the final solution from optical 
viewpoint would then always converge to 
maximum allowed perovskite thicknesses in 
combination with thinnest possible supporting 
layer values. Additionally, our top cell design 
incorporates an exit layer of MgF2 whose thickness 
can be varied for improving transmittance (T) at IR 
wavelengths. The motivation for including a MgF2 
exit layer comes from the results of a previous 
study where it was shown to have a similar impact 
on light in-coupling into the bottom cell as adapting 
the refractive index of an index matching medium 
(IMM) between the sub-cells [67]. It was then 
argued that the requirement for index matching 
could be relaxed by introducing a MgF2 exit layer 
in the top cell design. However, if not optimized 





Figure 1. (a) Schematic structure of the top cell, 
comprising perovskite cell layers and a MgF2 exit 
medium. (b) Simulated transmitted spectrum (T) 
through the top cell into the bottom c-Si cell.  
 
as a result of increased reflection at the ITO/MgF2 
interface. Thus, for capturing longer wavelengths 
in the c-Si bottom cell, the MgF2 exit layer 
thickness, the refractive index of the coupling 
medium, and the c-Si cell ARC thickness will all 
need to be concurrently adapted. The transmittance 
of the top cell, calculated using the transfer matrix 
method, is plotted in Figure 1(b). 
The c-Si bottom cell, in contrast, features 
pyramid textures of dimensions that are either 
comparable to or much larger than the wavelength 
of the incoming light. Tilted top-view schematics 
of pyramid textures, considered in our study, are 






Figure 2. Design parameters of (a) periodic inverse 
nanopyramid (INP) gratings as the front-surface texture 
in c-Si bottom cells were optimized using a genetic 
algorithm. (b) The standard random pyramid (RP) 
texture was adopted as the reference for drawing 
comparisons.    
 
The INP pattern is a two-dimensional (2-D) 
diffraction grating of pitch comparable to the light 
wavelength scale, where neighboring pyramids are 
separated by flat regions (Figure 2(a)). The width 
of these flat regions is expressed as an area filling 
fraction, which is the ratio of the (non-flat) 
nanopatterned area to the total area. In view of 
minimizing reflection losses, realizing an area 
filling fraction of unity, i.e. having adjoining 
pyramids, is desirable but nonetheless challenging 
due to experimental constraints [44]. Therefore, a 
realistic maximum area filling fraction of 0.8 [44] 
was assumed in the RCWA model for the INP 
texture. The industry standard random pyramid 
texture, produced by alkaline anisotropic etching, 
serves as the reference and consists of upright 
pyramids with base width size between 2 – 5 µm 
(Figure 2(b)). Moreover, different surface texture 
combinations were examined for both SHJ and 
SHJ-IBC bottom cell architectures when operating 
beneath a perovskite top cell (Figure 3). 
 
III. MODELING APPROACH 
 
The outlined optimization approach is aimed at 
maximizing net absorption in the CsFAPbIBr 
perovskite and c-Si photoactive layers of tandem 
devices. It uses spectrum-weighted absorption 
(ASW) as the figure of merit for quantifying total 
absorption within the photoactive layers of sub-
cells. Assuming an ideal carrier collection 
probability of one, ASW is indicative of the sum of 
photogenerated currents that could potentially be 
drawn from individual sub-cells of a working 4-T 
tandem device. ASW is computed by the integral 
provided in equation (I). 
 
A  = 








              (I) 
 
In the expression above; Aper and ASi are the 
wavelength-dependent absorption coefficients in 
perovskite and c-Si photoactive layers when the 
AM 1.5G solar spectrum is incident on a full 4-T 
tandem stack, φAM 1.5G represents the photon flux 
in the AM 1.5G solar spectrum and λ1 – λ2 is the 
300 – 1200 nm wavelength interval. The 
expression therefore quantifies the fraction of 
incident photons that contribute to useful 
absorption in both sub-cells in a 4-T tandem 
structure. 
The suggested optimization procedure 
combines RCWA with a GA, described in Section 
IV, for modeling 4-T tandem devices with INP 
textured SHJ and SHJ-IBC bottom cells. For such 
tandem structures with a nanotextured bottom cell 
(Figures 3(a, d)), ASW was maximized by tweaking 
certain design parameters which included thickness 
of the MgF2 exit layer (texit), refractive index of the 
coupling medium (nIMM) that completely fills the 
gap of 10 µm in between the sub-cells, 
antireflection coating (ARC) layer thickness for the 
bottom cell (tARC), grating pitch of the periodic INP 
texture (Λ) and transparent conducting oxide 




Figure 3. Schematic structures of 4-T perovskite/c-Si tandem devices with either (a, d) inverse nanopyramid (INP) 
gratings or (b, c, e, f) the standard random pyramid (RP) texture present on the front-side of c-Si bottom cells. A 
heterojunction cell architecture was evaluated in this study in both (a – c) two-side contacted (SHJ) and (d – f) 
interdigitated and back-contacted (SHJ-IBC) configurations. For simplicity, different layers of perovskite cell stack are 
not shown. 
 
The required RCWA simulations were performed 
using the open-source CAMFR tool [65]. As the 
RCWA model assumes coherent wave 
propagation, phase-elimination was applied for 
smoothing out the Fabry-Perot interference fringes 
which are otherwise absent at longer wavelengths 
for much thicker substrates [61]. Furthermore, 
deterministic ray tracing simulations with transfer 
matrix method (TMM) were performed in 
Sentaurus TCAD suite [66] for simulating the full 
4-T tandem stack with single and double-sided RP 
textured bottom cells (Figures 3(b, c, e, f)). By 
defining TMM boundary condition at RP textured 
interfaces, interference effects in thin-film stacks 
are not neglected during each ray pass. An inherent 
limitation, however, of using the TMM boundary 
condition with ray tracing is that the TMM lumps 
together the backward and forward wave 
components while assuming forward energy 
propagation. This simplification is necessary since 
the backward waves with decaying field 
amplitudes would then become forward waves with 
exponentially growing field amplitudes, leading to 
numerically unstable solutions. Therefore, it is 
critical to decouple the forward and backward 
components for calculating reflection and 
transmission coefficients. This is possible by either 
using TMM with the scattering matrices algorithm 
(S-matrix) or by performing mode sorting. The 
latter approach was adopted in our work in which 
the forward and backward wave components are 
distinguishable with the TMM, by considering 
Poynting vectors for each propagating mode. The 
approach of combining ray tracing with the TMM 
boundary condition has been utilized before for 
simulating thin multilayer stacks in both single-
junction [68,69] and 4-T tandem devices with 
textured interfaces [15]. In this way, we assess the 
optical boost at IR wavelengths by periodic 
nanoscale patterning of the bottom cell with respect 
to standard texturing. Here, optimal design 
parameter values were only extracted via the GA 
for INP textured bottom cells. The extracted values 
were then also assumed in the ray tracing model 
when simulating 4-T tandem devices with RP 
textured bottom cells for comparison purposes. 
These may not be their optimal values but 
nevertheless, our approach is generic and the scope 
of the study can be extended to include the coupling 
of a GA to a ray tracing model. 
Optical models, based on RCWA and ray 
tracing with the TMM, were validated from 
measured reflectance spectra of INP and RP 
textured devices respectively at normal incidence 
(see Appendix). Relevant refractive indices (n, k) 
for optical simulations were obtained from 
spectroscopic ellipsometry measurements. 
 
IV. GENETIC ALGORITHM DESCRIPTION 
 
A GA enables to identify the combination of 
variables that will maximize a given objective 
function (fitness) without having to sweep all their 
possible combinations [56,57]. It emulates natural 
selection by performing biological operations of 
selection, crossover and mutation on a random 
population of variables for successive generations 
until a specified goal is realized. Our GA flow, 
which was described with details in previous works 
[58-60], is given in Figure 4. 
Five interdependent cell design parameters 
(x1 = nIMM, x2 = texit, x3 = tARC, x4 = Λ, and x5 = tTCO) 
were considered in the optimization of 4-T tandem 
structures. A search range and a desired resolution, 
typically 0.1 for x1 and 1 nm for x2 – x4, are defined 
at the beginning of the optimization problem for 
each involved variable. These specifications lead to 
an appropriate binary encoding of these variables. 
A population of 50 individuals is then considered, 
where an individual corresponds to a possible 
solution ⃗ = (x1, x2, x3, x4, x5) of the optimization 
problem and is represented by a binary digit 
sequence or DNA. The objective, in the case 
described in this work, is to establish a solution 
(optimal values of x1 – x5 within the search range) 
that will maximize ASW in the simulated tandem 
structures. Starting from a random population of 
individuals (random values of x1 – x5 within the 
search range), the population is sorted from the 
fittest (giving the highest ASW) to the least-fit 
individual after performing RCWA simulations for 
evaluating the fitness f( ⃗) of each individual. The 
least-fit individuals (up to 10% of the population) 
are excluded from further evaluations and replaced 
by an equal number of random individuals. The 
fitter individuals of the original population are 
selected by a rank-based roulette wheel selection 
for performing the crossover and mutation 
operations on their binary digit sequences or DNA 
to produce individuals (children) for the 
subsequent generation. The crossover operation 
here refers to exchanging a part of the binary digit 
sequence of two selected individuals (parents), 
with a probability (rate of crossover) of 70%. The 
mutation operation after crossover simply 





Figure 4. Genetic algorithm (GA) flow for mimicking 
natural selection procedure. The optimization is aimed 
at maximizing spectrum-weighted absorption (ASW) in 
the perovskite and silicon substrates. The optimizations 
were carried out with a population size npop of 50 
individuals, a crossover rate of 70% and a mutation rate 
of 0.95/nbits, where nbits is the number of bits required for 
coding the considered variables (nbits ~50 for 5 
variables). The number of random individuals injected 
at each generation is 0.1 × npop × (1 − p), where p = |s − 
0.5|/0.5 and s is the fraction of bits in the population 
whose value is identical to the best individual. The 
number of generations required for an optimization is 
typically between 25 and 40. 
 
A bit mutation probability of 0.95/(number of 
binary digits in a DNA) was assumed in our GA 
flow. Afterwards, a local optimization procedure is 
conducted on the data collected by the algorithm. 
This local optimization procedure essentially 
makes use of a quadratic approximation of the 
fitness around the best-known individual for 
substituting a random individual in the population 
by an optimal individual determined from the 
approximation. We used a quadratic approximation 
of the fitness since establishing this approximation 
and its optimum is tractable when less than 20 
variables are involved in an optimization problem 
[59,60]. Finally, the individuals generated for the 
next generation (children) are subjected to fitness 
evaluation by running RCWA simulations and 
sorted according to their fitness. Elitism is 
implemented in order to ensure that the best 
solution is not lost when going from one generation 
to the next. Elitism implies that if the best 
individual of the new generation is not as good as 
for the previous generation, the best individual of 
the previous generation will be retained for 
replacing a randomly chosen individual of the new 
generation. This natural selection cycle is repeated 
for multiple generations until the results converge 
to an optimal solution. Thus, by implementing the 
computationally intense RCWA simulations for a 
reasonably sized population of individuals in every 
fitness evaluation cycle, we were able to determine 
the optimal x1 – x5 parameter values that lead to the 
highest ASW in the investigated tandem device 
structures. 
 
V. RESULTS AND DISCUSSION 
 
We first present the optimization results for the INP 
textured bottom cells and then compare them with 
the performance of RP textured counterparts. 
 
A. Genetic algorithm results for inverse 
nanopyramid textured devices 
 
Fitness evaluation maps of the GA-based 
optimization for c-Si bottom cells are shown in 
Figures 5(a, b) for SHJ and in Figures 5(c, d) for 
SHJ-IBC structures respectively and the outcome 
is also summarized in Table I along with the 
considered range of values for each design 
parameter. These maps illustrate differences 
between optimal device parameters of both cell 
structures, when employed as bottom cells. More 
importantly, they give an idea of the extent and 
direction of sensitivity of the chosen figure of merit 
(ASW) on a given device parameter. 
Comparing ARC layer thicknesses in best 
cases, we observe that a thinner ITO of 72 nm on 
the front is favored in the SHJ structure (Figure 
5(a)) as opposed to a slightly thicker silicon nitride 
(SiNx) layer of 95 nm in the IBC structure (Figure 
5(c)). This finding is attributed to the different 
complex refractive indices of ITO and SiNx films, 
provided in Figure 6, influencing light in-coupling 
at the IMM/ARC interface as well as parasitic 
absorption losses in these films. The fitness maps 
also show that adapting a bottom cell’s ARC 
thickness, regardless of its cell architecture, is 
much more critical than the other optical design 
parameters for 4-T tandem application. Thus, the 
ARC thickness must be tuned accordingly for 





SUMMARY OF OPTIMAL DESIGN PARAMETERS 
THAT WERE EXTRACTED BY COMBINING 
RCWA WITH A GENETIC ALGORITHM. THESE 
PARAMETERS INCLUDE: MgF2 EXIT LAYER 
THICKNESS (texit), REFRACTIVE INDEX OF THE 
COUPLING MEDIUM (nIMM), BOTTOM CELL ARC 
THICKNESS (tARC), GRATING PERIOD OF THE 
FRONT-SIDE TEXTURE (Λ), AND THE TCO 
THICKNESS ON THE REAR-SIDE OF BOTTOM 
CELL (tTCO). THE OPTIMZATION WAS 
PERFORMED FOR INVERSE NANOPYRAMID 
TEXTURED SHJ AND SHJ-IBC BOTTOM CELLS 
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Figure 5. 2-D fitness maps for inverse nanopyramid textured (a, b) SHJ and (c, d) SHJ-IBC bottom cells, operating 
below a perovskite top cell in 4-T tandem configuration. Optical models based on RCWA were coupled with the genetic 
algorithm for determining optimal values of the antireflection coating layer thickness (tARC), the grating period (Λ), 
refractive index of the coupling medium between sub-cells (nIMM), rear-side transparent conducting oxide layer thickness 
(tTCO) and MgF2 exit layer thickness (texit). The maps represent the fittest solutions from successive generations (blue 
dots) that converge to the optimal solution (red star). The spectrum-weighted absorption (ASW) quantifies the useful 
absorption within the photoactive layers. 
 
In addition to ARC layer thickness, light in-
coupling into the bottom c-Si cell should be 
influenced by the grating period of the 
nanopyramid surface texture and the refractive 
index of the coupling medium. The grating pitch of 
the INP texture could also be used as a control 
parameter for enhancing absorption in c-Si sub-
cells at desired wavelengths. 2-D fitness maps in 
Figures 5(a) and 5(c) reveal optimal grating periods 
of 710 nm and 1090 nm respectively for SHJ and 
SHJ-IBC device structures, suggesting different 
intended wavelength ranges. Optimal grating pitch 
values are also consistent with ARC layer 
thicknesses and suggest that while the IR 
wavelengths are being targeted by an INP textured 
SHJ-IBC bottom cell, the intermediate 
wavelengths appear to be more relevant for the SHJ 
case. To explain this observed opposite trend in 
optimal grating periods, parasitic losses were then 
extracted for both tandem structures. The results, 
given in Figure 7, show significant absorption in 
the ITO ARC layer compared to SiNx in the 1000 – 
1200 nm wavelength interval, amounting to a 
current density loss of 0.57 mA/cm2 in the SHJ 
bottom cell structure in contrast to only 0.17 
mA/cm2 for the SHJ-IBC structure. Accordingly, in 
consideration of parasitic absorption losses in ITO 
at IR wavelengths, the optimal grating period gets 
smaller for efficiently confining intermediate 
wavelengths within the substrate of a SHJ device. 
On the other hand, in a SHJ-IBC device, a larger 
pitch aids in trapping IR wavelengths where 
parasitic losses in SiNx are marginal and the 
incident photon flux is substantial. However, it is 
noteworthy that a relatively wide window is 
available for the choice of the grating period in both 
cell structures. Spectrum-weighted absorption only 
varies slightly from 76.1% to 76.5% for the SHJ 
bottom cell structure as the grating pitch is reduced 
from 900 nm to 710 nm. In the case of the SHJ-IBC 
cell structure, it rises from 75.9% to 76.4% upon 
increasing the pitch from 950 nm to 1090 nm. This 
small variation in the spectrum-weighted 
absorption as function of the grating pitch lies 
within the ±0.6% numerical error of RCWA, 
arising from Fabry-Perot interference fringes at 
wavelengths above 1000 nm under the assumption 
of coherent wave propagation, and can therefore be 
neglected. 
Besides adapting the grating period and the 
ARC layer thickness, we find that inclusion of an 
optical coupling medium with nIMM ~1.5 could 
facilitate transmission by offering a graded index 
effect at the IMM/ITO interface in a 4-T 
perovskite/SHJ tandem device (Figure 5(b)). 
Nevertheless, the need for introducing an index 
matching layer between sub-cells does not arise in 
a 4-T perovskite/SHJ-IBC tandem structure since a 
SiNx ARC layer has a lower refractive index than 
ITO in the entire wavelength range (Figure 6(a)). 
The result in Figure 5(d) implies that an air gap 
already provides favorable optical coupling to a 
SHJ-IBC bottom cell, when a MgF2 layer of ~213 
nm thickness is present as the exit medium in top 
cell design. This thickness of ~213 nm for MgF2 
exit layer was found to be independent of the 
bottom cell design since its role is only to enhance 
IR transmission through the top cell during the first 
light pass. 
Lastly, the thickness of the rear-side ITO is 
the least critical parameter for both bottom cell 
structures. Provided that the rear-side transparent 
conducting oxide layer is sufficiently thick (> 100 
nm), it can efficiently serve as an optical spacer for 
suppressing the excitation of surface plasmons [62] 
by absorbing and reflecting longer wavelength 
photons. Since silver (Ag) offers superior 
reflectivity and lower parasitic absorption losses as 
the rear-side metal contact than copper (Cu), the 
required ITO thickness on the rear-side of a SHJ 
device with Ag (114 nm) was also found to be 
relatively thinner than for a SHJ-IBC device with 







Figure 6. Complex refractive indices of ITO and SiNX 
antireflection coating layers that are employed in SHJ 
and SHJ-IBC bottom cells respectively. (a) SiNX has a 
lower refractive index (n) than ITO over the entire 
spectrum. The refractive index of the MgF2 exit medium 
is also indicated for reference. (b) Extinction coefficient 
(k) values are much higher for ITO and could result in 





Figure 7. Parasitic absorption losses were calculated in 
the 300 – 1200 nm wavelength interval for mechanically 
stacked and optically optimized (a) perovskite/SHJ and 
(b) perovskite/SHJ-IBC tandem devices, featuring 
inverse nanopyramid gratings on the front-side of the c-
Si bottom cells. 
B. Comparison between inverse nanopyramid and 
random pyramid textured devices 
 
In order to examine potential IR absorption 
enhancement by substituting standard random 
pyramid textures by wavelength scale pyramid 
gratings for light management in tandem devices, 
deterministic ray-tracing simulations were carried 
out for 4-T tandem structures with single and 
double-sided random pyramid textured bottom 
cells, shown schematically in Figures 3(b, c, e, f). 
Since the scope of the study was limited to coupling 
RCWA-based optical models to GA, optimal 
parameter values for INP textured bottom cells in 
Table I were also utilized in ray tracing 
simulations. Although this approach does not lead 
to an accurate comparison between the two texture 
types, it nevertheless allows to identify possible 
optical gain sources by introducing single-side 
nanopyramid gratings in place of the standard 
micron-scale pyramids as light management 
structures in 4-T tandem devices.  
 Optical boost at IR wavelengths (> 900 nm) 
by nanopatterning is apparent from c-Si absorption 
curves in Figure 8. For the SHJ case (Figure 8(a)), 
spectrum-weighted absorption in the tandem stack 
increases from 74.9% to 76.5% when the random 
pyramid texture on the front-side of bottom cell is 
replaced by nanopyramid gratings to provide a 
current density gain in the c-Si cell of 0.73 
mA/cm2. The improvement can be assumed to 
originate from the excitation of higher order modes 
[63] and the wave-optical nature of light-trapping 
in a nanophotonic structure. As the incoming light 
is primarily absorbed in the perovskite absorber 
during the first pass, the front-surface texture of the 
bottom cell does not impact photogeneration in the 
top cell. This is mainly because the reflected IR 
wavelengths at the IMM/ARC interface are 
optically transparent to the wider bandgap 
perovskite and are therefore only parasitically 
absorbed in the supporting layers of the top cell. 
 However, the absorption curves in Figure 
8(a) also show that this boost becomes negligible if 
random pyramids are textured on both cell sides. 
Thus, double-side random pyramid textured 
devices with spectrum-weighted absorption of 
76.4% are optically equivalent to their single-side 
nanopatterned counterparts or even better, when 
considering that the dielectric stack may not be 
optimum for this texture type. This is because a 
textured rear-side in combination with Ag back 
reflector in the SHJ structure, scatters the in-
coupled light more effectively at higher angles 





Figure 8. Absorption in perovskite and c-Si substrates 
for random pyramid (RP) and inverse nanopyramid 
(INP) textured (a) SHJ and (b) SHJ-IBC bottom cells 
under a perovskite top cell. Single and double-sided 
random pyramid textured devices, shown in Figures 
3(b, c, e, f), were taken as reference for benchmarking 
the absorption enhancement at longer wavelengths by 
nanopatterning.       
 
is therefore able to achieve comparable IR 
absorption as the front-side INP grating texture. In 
contrast, when a SHJ-IBC bottom cell is deployed, 
increased transmission losses through the electrical 
isolation gap between interdigitated Cu electrodes 
lead to reduced IR absorption with double-side 
random pyramid texture and a spectrum-weighted 
absorption value of 75.4% is achieved (Figure 
8(b)). On the contrary, front-surface pyramid 
textures with a flat rear-side yield higher absorption 
at longer wavelengths by cutting down the 
transmitted fraction of the in-coupled light. 
Moreover, for INP textured SHJ-IBC cells, Figure 
8(b) shows a minor drop in the absorption at 
intermediate wavelengths (620 – 750 nm) which is 
a consequence of implementing gratings that were 
fine-tuned for targeting wavelengths beyond 1000 
nm. Nonetheless, the loss is negligible as shown by 
the similar spectrum-weighted absorption of 
single-sided RP (77.0%) and INP (76.4%) textures. 
The findings reported in Figure 8 seem to 
indicate that replacing standard random pyramid 
texture by nanopyramid gratings would not result 
in a significant absorption gain at IR wavelengths. 
However, it needs to be emphasized here that the 
simulations above were performed for 
perpendicularly incident illumination and therefore 
do not account for the sun’s movement along the 
horizon. This is especially important for 4-T 
tandems since these do not need current matching 
and are therefore going to be used for applications 
where such non-perpendicular illumination will be 
abundant. We evaluated the impact of variation in 
the incidence angle on the spectrum-weighted 
absorption of the investigated tandem device 
structures by assuming an unchanged azimuthal 
angle of 45° and reducing the AM 1.5G spectral 
power density by cosine of the incidence angle. The 
results of incidence angle dependence in Figure 9 
point to the fundamental difference in the light-
trapping mechanism of micron and nanoscale 
textures. Since the incoming light interacts at the 
interface of a random pyramid textured surface in 
the geometrical-optics regime, escape losses are 
inevitable for certain incidence angles as the in-
coupled rays cannot be trapped by means of total 
internal reflection in the absorber. With 
nanopyramid gratings present as the surface 
texture, the interaction occurs instead in the wave-
optics regime and thereby eliminates angular 
dependence by transmitting the incident light into 
modes. A carefully designed grating is thus able to 
confine the incoming light to diffraction modes that 






Figure 9. Spectrum-weighted absorption (ASW) as 
function of the incidence angle for optimal (a) SHJ and 
(b) SHJ-IBC bottom cells, operating beneath the top cell 
given in Figure 2(a). An incidence angle of 0° refers to 
perpendicularly incoming light. The azimuthal angle 
was assigned a constant value of 45° while the incidence 
angle was varied for different texturing schemes.  
 
result, we observe in Figure 9 that the spectrum-
weighted absorption falls less drastically with 
increasing angle of incidence for an INP textured 
sub-cell and could potentially lead to a higher 
annual energy yield. Hence, it can be deduced from 
Figure 9 that the angular robustness presents a 
major motivation for replacing standard random 
pyramid textured bottom cells by their INP 





It was demonstrated that optical models could be 
coupled with a genetic algorithm for optimizing 
five interdependent design parameters of tandem 
solar devices at once. In theory, the presented 
approach is not limited by the number of 
interdependent design parameters. Specifically, in 
this case, the optimization was carried out for 
inverse nanopyramid textured silicon 
heterojunction devices that operate as bottom cells 
beneath a wider bandgap perovskite top cell. 
Coupling rigorous coupled-wave analysis with a 
genetic algorithm enabled us to reduce the required 
number of computationally expensive 
electromagnetic wave simulations for extracting 
optimal values of a given set of variables. While 
keeping the thicknesses of top cell layers 
unchanged, the objective herein was to obtain 
bottom cell design parameters for maximizing total 
absorption in the perovskite and crystalline-silicon 
substrates. The study was conducted for both two-
side contacted (SHJ) and interdigitated-back-
contacted (SHJ-IBC) silicon heterojunction 
devices, incorporating inverse nanopyramid 
gratings as the front-surface texture. In this regard, 
the GA-based optimization enabled to identify the 
most sensitive design parameters when switching 
to nanopyramid diffraction gratings for light 
management in tandem devices. It was found for 
both investigated cell architectures that adapting 
the bottom cell antireflection coating (ARC) layer 
thickness was more critical than the grating period 
of the nanotexture. Likewise, the need for an 
optical coupling medium between the sub-cells is 
subject to the refractive index of the ARC layer. 
Benchmarking the optical performance of inverse 
nanopyramid textured silicon heterojunction 
bottom cells with their random pyramid textured 
counterparts, we found that only marginal 
improvement in infrared absorption was achieved 
by integrating front-side gratings. Nevertheless, the 
improvement by nanopatterning the bottom cell 
becomes more significant when considering non-
perpendicular incident light in view of the annual 
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